Abstract. An analysis is made of equatorial ozone variations for 5 years, 1984-1989, using the ozone profile data derived from the Stratospheric Aerosol and Gas Experiment II (SAGE II) instrument. Attention is focused on the annual cycle and also on interannual variability, particularly the quasi-biennial oscillation (QBO) and E1 Nifio-Southern Oscillation (ENSO) variations in the lower stratosphere, where the largest contribution to total column ozone takes place. The annual variation in zonal mean total ozone around the equator is composed of symmetric and asymmetric modes with respect to the equator, with maximum contributions being around 19 km for the symmetric mode and around 25 km for the asymmetric mode. The persistent zonal wavenumber 1 structure observed by the total ozone mapping spectrometer over the equator is almost missing in the SAGE-derived column amounts integrated in the stratosphere, suggesting a significant contribution from tropospheric ozone. Interannual variations in the equatorial ozone are dominated by the QBO above 20 km and the ENSO-related variation below 20 km. The ozone QBO is characterized by zonally uniform phase changes in association with the zonal wind QBO in the equatorial lower stratosphere. The ENSO-related ozone variation consists of both the east-west vacillation and the zonally uniform phase variation. During the E1 Nifio event, the eastwest contrast with positive (negative) deviations in the eastern (western) hemisphere is conspicuous, while the decreasing tendency of the zonal mean values is maximum at the same time.
Introduction
The understanding of the exchange processes between the troposphere and the stratosphere for various atmospheric constituents is important in describing the ozone distribution and temperature structure that are mutually dependent on each other. Particularly in the equatorial regions, convective cloud activity varies over a wide range of space and time scales and is accompanied by an upward flow, resulting in the intrusion of tropospheric air into the stratosphere. One of the most dramatic changes in convective cloud activity is associated with the E1 Nifio-Southern Oscillation (ENSO) cycle, which has a timescale of about 4 years. Though the ENSO was originally regarded as an ocean-atmosphere coupled variation confined mostly to the tropical Pacific Ocean, observational evidence suggests possible influences on extratropical circulation and stratospheric circulation [e.g., Randel and Cobb, 1993] . Despite the great significance of the tropical region in the global atmospheric circulation system, observations at equatorial latitudes have been quite performed simple mechanistic calculations keeping in mind the following two dynamical effects.
The tropopause effect. This accounts for the total ozone variations accompanied by altitude changes of the tropopause. A higher tropopause results in a deeper layer with a characteristically low tropospheric ozone concentration and therefore a smaller amount of total ozone.
The advection effect.
This effect involves those variations associated with the vertical ozone advection caused by diabatically driven mean meridional circulation. Enhanced upward motion in the lower stratosphere will reduce the total ozone amount by the extent of countergradient vertical ozone advection.
The total ozone variations estimated by H93 from the ENSO timescale SST changes agree reasonably well with observations supporting the hypothesis presented by S92.
The scenario predicts that a higher tropopause and a stronger upward motion result when higher SSTs activate more vigorous convective cloud activities. Because the advection effect expresses a decreasing tendency while the tropopause effect describes an instantaneous low value of total ozone at the time of high SSTs, the two effects appear with a phase difference of a quarter cycle on ozone variations (see H93 for details). In this paper, long-term variations in vertical profiles of the equatorial ozone field are investigated by using the Stratospheric Aerosol and Gas Experiment II (SAGE II) ozone profile data for 5 years from 1984 to 1989. The goal of this study is to provide direct observational support for the hypotheses about and model results for the mechanism of ozone variations put forth by S92 and H93. The use of the SAGE data makes it possible to identify the height range in which each of the total ozone variations is dominant. As an extension of S92, we will also pay special attention to the longitudinal structure of the ozone field.
Data
For the following study, we make use of the SAGE ozone data published on CD-ROM by NASA's Climate Data Sys- Soundings are made regularly at an interval of about 24 ø longitude with a gradual shift in latitude. Because sampling latitudes are usually different each day between sunrise and sunset, we create a combined data set from the sunrise and sunset data to reduce sampling noise. The averaging of the sunrise and sunset data has been done after processing the two data sets separately following the procedure described below. By using 15 sequential observations covering one entire latitude circle, we calculate a zonal mean and Fourier coetficients of zonal wave components with a 1 ø latitude interval.
After structure, which is conspicuous in the TOMS total ozone field, is almost missing in the SAGE field but that there exists a stationary wave 2 structure. If the residual (TOMS minus SAGE total ozone) does represent the tropospheric ozone amount as originally proposed by Fishman and Larsen [1987] , the wave 1 structure should be interpreted as a persistent feature of the tropospheric ozone in the tropics.
In S92 it was hypothesized that the strong upward motion or the higher tropopause associated with the vigorous convective cloud activity in the western Pacific could bring about relatively less ozone in the lower stratosphere, resulting in the wave 1 structure seen in the TOMS total ozone field. This view was supported by a similar structure in the lower stratospheric temperature (S92). However, the lack of a significant wave 1 pattern in the SAGE total ozone ( To investigate the oscillation of minimum values around the equatorial latitude, we make a harmonic analysis to calculate the annual amplitude and phase of the zonal mean ozone amount at each latitude-height grid point. Our results viewed in the mixing ratio (not shown) are essentially similar to those obtained by using the 9 year's of SBUV data. Since our main concern is an interpretation of the annual variation in total ozone, annual harmonic amplitudes and phases of column density are plotted in Figure 5 . At extratropical latitude for both hemispheres, the largest amplitude appears in the lower stratosphere and the next largest one appears in the middle stratosphere. The maxima of the annual cycle occur during the summer in the middle stratosphere and during the early spring in the lower stratosphere. Perliski et al. [1989] showed that the annual ozone variation in the middle stratosphere is controlled largely by the annual variation in the odd-oxygen production rate associated with a change in the solar zenith angle, while dynamically forced variations related to large-amplitude planetary waves during winter and spring are important in the lower stratosphere. From Figure 5a it is easy to recognize that the annual cycle in total ozone at extratropical latitudes is determined mainly from the contribution in the lower stratosphere, though slight cancellation occurs from the oppositely phased middle stratospheric variations. Around the equator, however, the structure is rather complicated, so that a careful examination is necessary for understanding the annual cycle in ozone.
The annual variation in the lower stratospheric ozone is further investigated by dividing it into two modes, the symmetric mode and the asymmetric mode, with respect to the equator. The symmetric mode is defined as (e(y) + e(-y))/2, and the asymmetric mode is defined as (e(y) -e(-y))/2 (y is latitude). Figure 6 shows the annual amplitude and phase of the column density for these two modes. As suggested by H93, the stronger upwelling which penetrates the lower stratosphere brings about lower temperatures there through adiabatic cooling. Then the tropopause height would be higher, resulting in less total ozone owing to a deeper layer with low tropospheric ozone concentration. In fact, if we accept the observational evidence of an annual variation in tropopause height as reported by Reid and Gage [1981] , the annual variation in total ozone could be reproduced from the tropopause height changes (H93). However, we have no satisfactory explanation for the physical mechanism of the tropopause height changes yet. The annual cycle of the tropopause height must be coupled with the vertical atmospheric motion so that a separate treatment of the two effects, the tropopause effect and the advection effect introduced by H93 in the interpretation of the QBO and ENSO timescale variations, is no longer effective in understanding the annual cycles.
QBO and ENSO Cycles
In order to investigate variations with a period longer than 1 year, an anomaly field is constructed by subtracting the climatological annual cycle from the original data. A similar procedure performed in S92 depicted the QBO-and ENSOrelated variations in total ozone. In a time-height section of the zonal mean anomaly field in column density over the equator (Figure 8 that in Figure 12 ; there were positive anomalies in the eastern hemisphere and negative anomalies in the western hemisphere when the E1 Nifio event occurred. These results are consistent with an interpretation of the ENSO timescale ozone variation proposed by H93. Because the SSTs in the eastern Pacific are higher during the E1 Nifio event than during the La Nifia event, an active region of convective clouds moves relatively eastward. Associated with this movement of convective cloud activity, the tropopause height would be relatively higher in the eastern Pacific during the E1 Nifio event. Gage and Reid [1987] showed that the tropopause height change is correlated with the ENSO cycle in this way, though their analysis is confined mainly to the western Pacific. According to H93, the tropopause effect associated with the change in the east-west tropopause height variation would bring about the east-west vacillation of ozone as seen in Figures 12 and 13b . The advection effect accompanied by increased upward motion extending along the equator would cause the decreasing tendency of ozone as shown in Figures 8, 9a , and 13a. Namely, during the mature stage of the E1 Nifio event, the east-west contrast and the decreasing zonal mean tendency are at a maximum; note the phase difference between the two effects in Figures 13a and 13b . In H93's calculation, the vertical extent of the two effects, the tropopause effect and the advection effect, is assumed to be limited only up to just above the tropopause level (17 km). Although there was no reasonable explanation for selecting this upper bound in H93, it is consistent with the present results in the sense that the ENSO-related variation is restricted to the thin height range at the bottom of the stratosphere.
Reid and Gage [1985] and H93 suggested that there exists a tropopause height modulation due to the zonal wind QBO. When the cold anomaly associated with the easterly shear of the QBO reaches the bottom of the stratosphere, the buoyant motion of the tropospheric air mass can reach higher altitudes than normal, resulting in greater elevation of the tropopause. During the period of our analysis, the tropopause may have been lifted twice, around the end of 1984 to the beginning of 1985 and in 1987, when the easterlies penetrated the lower stratosphere. Because of the tropopause effect, the variation in ozone would show a negative anomaly then. This is consistent with our results, depicted in Figures 8, 9a, and 13a , although the ENSOrelated variation seems to surpass the QBO variation around the bottom of the stratosphere.
As was mentioned in our discussion on the QBO, the feedback of the ozone perturbations to diabatic circulation through absorption of solar radiation could be important for the ozone QBO [Hasebe, 1994] . We briefly discuss whether a similar feedback process is important for the ENSO- small to modulate the atmospheric heat balance appreciably, although they are large enough when observed in total ozone owing to relatively large atmospheric number density at the bottom of the stratosphere.
Summary
As an extension of the total ozone analysis by Shiotani Over the equator there exists a prominent annual variation in column ozone density at the bottom of the stratosphere. This variation might be associated with changes in tropopause height resulting from modulation in the global meridional circulation driven by the planetary-scale wave forcing in the extratropical latitude. Because the planetary wave activity is more vigorous in the northern hemisphere winter than in the southern hemisphere winter, the upward motion around the equator, which is regarded as the upward branch of the global meridional circulation, is stronger in the northern hemisphere winter than in the southern hemisphere winter. Consequently, the equatorial lower stratosphere becomes cooler through adiabatic cooling and the tropopause becomes higher. Thus the deeper troposphere with a small tropospheric ozone amount is directly coupled 
